Using a field-effect transistor (FET) configuration with solid Li-ion conductor (SIC) as gate dielectric, we have successfully tuned carrier density in FeSe0.5Te0.5 thin flakes, and the electronic phase diagram has been mapped out. It is found that electron doping controlled by SIC-FET leads to a suppression of the superconducting phase, and eventually gives rise to an insulating state in FeSe0.5Te0.5. During the gating process, the (001) peak in XRD patterns stays at the same position and no new diffraction peak emerges, indicating no evident Li + ions intercalation into the FeSe0.5Te0.5. It indicates that a systematic change of electronic properties in FeSe0.5Te0.5 arises from the electrostatic doping induced by the accumulation of Li + ions at the interface between FeSe0.5Te0.5 and solid ion conductor in the devices. It is striking that these findings are drastically different from the observation in FeSe thin flakes using the same SIC-FET, in which Tc is enhanced from 8 K to larger than 40 K, then the system goes into an insulating phase accompanied by structural transitions.
Using a field-effect transistor (FET) configuration with solid Li-ion conductor (SIC) as gate dielectric, we have successfully tuned carrier density in FeSe0.5Te0.5 thin flakes, and the electronic phase diagram has been mapped out. It is found that electron doping controlled by SIC-FET leads to a suppression of the superconducting phase, and eventually gives rise to an insulating state in FeSe0.5Te0.5. During the gating process, the (001) peak in XRD patterns stays at the same position and no new diffraction peak emerges, indicating no evident Li + ions intercalation into the FeSe0.5Te0. 5 . It indicates that a systematic change of electronic properties in FeSe0.5Te0.5 arises from the electrostatic doping induced by the accumulation of Li + ions at the interface between FeSe0.5Te0.5 and solid ion conductor in the devices. It is striking that these findings are drastically different from the observation in FeSe thin flakes using the same SIC-FET, in which Tc is enhanced from 8 K to larger than 40 K, then the system goes into an insulating phase accompanied by structural transitions. Tuning carrier concentration is one of the most powerful approaches in the condensed matter physics for the explorations of novel quantum phases and exotic electronic properties as well as their underlying physical mechanics [1] [2] [3] [4] [5] [6] [7] [8] . To overcome the inherent doping limit in the material synthetic methods, field effect transistor (FET) configurations have been applied to tune material properties using gating by electric field [9] . Two types of FET, metal-insulator-semiconductor (MIS) FET and electric double layer (EDL) FET, are widely used to control the charge carrier density on the surface of materials [10, 11] . In order to change the carrier density in the bulk, the so-called ionic field-effect transistor (iFET) with gel-like electrolyte as the gate medium has been used to drive Li + ions into layered materials. This type of FET configuration can effectively modulate 1T-TaS 2 electronic properties by the tunable Li + ion intercalation [12] . However, the heavily-doped electronic states in all these FET configurations are confined at the interfaces or overlaid with electrolyte, which prevents them from being characterized by many physical measurements. On the other hand, conventional MIS-FET devices cannot provide sufficient carriers to induce novel phases, such as superconductivity, by electrostatic doping, and the liquid or gel-like electrolyte is not compatible with modern solid electronics and may react with samples when gating voltage is applied [11, 13, 14] . Recently, we have fabri-
[ †] These authors contributed equally to this work. cated a new type of FET device (see Fig. 1(c) ) using solid ion conductor (SIC) as a gate dielectric. This type of FET configuration overcomes the inherent limitations mentioned above, and its application on FeSe thin flakes reveals some substantial advantages of the SIC-FET [15] .
Using the SIC-FET devices, we are able to tune the carrier density of FeSe by driving lithium ions in and out of the FeSe thin flakes and thus control the material properties and its phase transitions. With the intercalation of Li + ions, new structural changes have been identified by in-situ XRD measurements. A wide carrier-doping phase diagram has also been mapped out with increasing Li + content. A dome-shaped superconductivity with maximal T c above 40 K was obtained and an insulating phase was reached at extremely overdoped regime. In addition, we have demonstrated that many experimental probes can be applied to uncover novel structural phases that are inaccessible in ordinary conditions [15] . The application of such a novel FET device can provide exciting opportunities for exploring new quantum phases and novel materials.
FeTe and FeSe share the same crystal structure. The former has very strong electron correlation, while the latter shows only moderate electron correlation [16] . The isovalent substitution of Te for Se results in a remarkable change of electron correlation [16, 17] . Transport measurements have shown that, upon substitution, T c increases from 8 K in FeSe to the maximum of ∼ 14 K around x ∼ 0.5 in FeSe 1−x Te x , and bulk superconductivity disappears for x > 0.7 [18] [19] [20] [21] [22] [23] . In FeSe and its derived compounds, T c can be significantly increased up to more than 40 K when electron carriers are introduced into the bulk [24, 25] . On the basis of our previous studies on FeSe thin flakes, it is interesting to investigate whether the T c of FeSe 1−x Te x can also be significantly improved by introduction of electronic carrier using the same SIC-FET approach and how the enhanced electron correlation with Te doping influences the superconductivity.
In this paper, we use the SIC-FET device to investigate how electron doping can modify the electronic properties of FeSe 0.5 Te 0.5 . In contrast to the case of FeSe [15] , we found that Li + intercalation is not evident in FeSe 0.5 Te 0.5 and that there is no structural transition during the gating process. However, the electronic properties can still be modulated, suggesting that Li + ions accumulate at the interface between the thin flake and the SIC substrate and induce electrostatic doping in FeSe 0.5 Te 0.5 . Though electron-type carriers are doped into FeSe 0.5 Te 0.5 system, Hall measurements indicate that hole-type carriers always dominate the transport properties at high temperatures. With increasing the gate voltage, the superconducting state is suppressed, and eventually an insulating phase emerges, which could be related to the strong electron correlation in FeSe 0.5 Te 0.5 . These findings are strikingly different from the observation of FeSe thin flakes using the same SIC-FET device, in which the T c can be enhanced from 8 K (low T c phase) to more than 40 K (high T c phase).
The as-grown FeSe 0.5 Te 0.5 crystals are superconduct- ing and reach zero-resistance at T = 11 K ( Fig. 1(a) ).
The non-metallic characteristic is caused by the localization effect from interstitial Fe [26, 27] . After removing the interstitial Fe by annealing crystals in oxygen, we improved the quality and enhanced the T zero c to 14.2 K. In Fig. 1(b) , R H shows a sign reversal below 30K in the annealed crystals, suggesting that electron-type carriers become intrinsically dominant at low temperatures. Using the annealed crystals and following the details as described in ref. [15] , we fabricated SIC-FET devices, and performed resistance, Hall coefficient, and in-situ XRD measurements.
Figure 1(c) shows a schematic plot of the SIC-FET device we used to tune the electronic properties of FeSe 0.5 Te 0.5 thin flakes. Using the solid state lithium ion conductive glass ceramics as the gate dielectric, we prepared devices with a standard Hall bar configuration (inset of Fig. 1(d) ). Thin flakes with a typical thickness of 22 nm serve as the transport channel. Li + in the lithium ion conductor can be driven by electric field. With a positive gate voltage applied, Li + accumulates at the bottom of FeSe 0.5 Te 0.5 thin flakes. As will be shown later, our XRD data and transport measurements suggest that Li + intercalation is minimal with further increasing the gate voltage. However, the electronic properties of FeSe 0.5 Te 0.5 can still be drastically modulated by gating. Figure 1(d) shows a typical R-V g curve taken at T = 260 K. The resistance of the FeSe 0.5 Te 0.5 thin flake stays at the same value when V g < 5 V. With increasing V g above 5 V, the resistance varies and the details will be shown in Fig. 3 . As the gate voltage is sweeping back, the resistance increases drastically by a factor of 4 and drops drastically when the gate voltage is descending to 0 V. Eventually it returns to a value close to its initial status with negative voltage applied. This behavior indicates that the modulation of electronic properties by gating is reversible. The slight different resistance of FeSe 0.5 Te 0.5 before and after gating may arise from the degradation of the bottom surface of thin flakes. By performing in-situ XRD measurements on FeSe 0.5 Te 0.5 devices, we studied whether the structure changes during the gating process. The 22 nm thin flakes are too thin to yield detectable signals, and we thus selected 50 nm FeSe 0.5 Te 0.5 thin flakes for XRD characterization. Fig. 2(a) shows the typical XRD patterns at different charge stages. The (001) diffraction peak stays at the same position with increasing gate voltage ( Fig. 2(b) ), indicating that the interlayer separation is not affected by gating and that Li + intercalation should be minimal if it does occur. This behavior is different from FeSe thin flakes, in which Li + intercalation is substantial and causes structural transitions. The decrease of the (001) peak intensity could be attributed to the degradation of FeSe 0.5 Te 0.5 bottom layer due to Li + accumulation, which can weaken the diffraction signals.
Though Li + intercalation is restrained, the accumulation of Li + ions at the interface can also cause electrostatic doping in FeSe 0.5 Te 0.5 thin flakes. Fig. 3(a) shows the details of the evolution of resistance with gate voltage. The variation of resistance changes slightly for different devices, while the dip-peak-valley feature and the rise of resistance at higher gate voltages are highly reproducible. To further demonstrate carrier doping, we performed Hall measurements. In Fig. 3(b) , the Hall number n H = 1/eR H measured at T = 150 K and T = 16 K varies drastically, suggesting that the carrier concentration in the bulk is strongly affected during gating. Based on the transport measurements, we empirically divide the charge doping process into three regions I, II and III, and plot the temperature-dependent resistance in Fig. 3(c) . In the I region, the thin flakes show superconducting behavior, and the T c is slightly suppressed with increasing the gate voltage. In this region, the corresponding low-temperature Hall number is negative, indicating that electron carriers are crucial for superconductivity. In the II region, the superconductivity is quickly suppressed and a semiconducting-like feature appears at low temperature. Above 30 K, from I to III region, the overall normal-state resistance increases, decreases and increases again, accompanied by several crossovers between metallic and semiconducting-like behavior. Figure 3 (d) plots the temperature dependence of the Hall coefficient R H with different gate voltages. Except for the sign reversal behavior at low temperature in the I region, the transport properties of FeSe 0.5 Te 0.5 are dominated by hole-type carriers. The overall R H value rises strongly with increasing the gate voltage, indicating that electron doping in the thin flake is induced by gating to counteract the contribution from the hole-type carriers, though Fig. 3(b) shows that the behavior in the II region appears slightly anomaly at T=150 K. Generally speaking, as shown in our studies on FeSe thin flakes, Li + intercalation can bring a great amount of electrons into the system, however the Hall number in the II and III regions indicates that the hole carriers are always dominant in the gating range we studied here. These results serve as a clear evidence that Li + intercalation is minimal in our devices and cannot dope enough electrons.
Based on the resistance measurements, we plot an electronic phase diagram as a function of gate voltage for FeSe 0.5 Te 0.5 (see Fig. 4(a) ). The electronic phase diagram of FeSe is also shown for comparison (Fig. 4(b) ). In FeSe 0.5 Te 0.5 , as V g increases, a series of variations from superconducting phase to insulating phase take place. The evolution from superconductor to insulator induced by electron doping shares similar behavior with FeSe thin flakes. Nevertheless, one may notice two remarkable differences between FeSe 0.5 Te 0.5 and FeSe. First, Li + ions can be easily intercalated into FeSe thin flakes, and consequently structural phase transitions have been observed [15] . However, Li + intercalation is minimal in FeSe 0.5 Te 0.5 and there is no evident change in structure. This difference suggests that the substitution of Te for Se significantly changes the characteristics of twodimensional FeSe layers and restrains the intercalation of Li + ions. Secondly, electron doping can drastically in- crease the T c from ∼8 K to more than 40 K for FeSe [15] , but suppresses the T c from ∼ 14 K down to lower value instead of enhancing it for FeSe 0.5 Te 0.5 . This contrast suggests that the substitution of Te for Se severely changes the electronic properties, though the crystal structures of these two compounds are highly similar to each other. Direct probing electronic structures by angle-resolved photoemission spectroscopy (ARPES) has shown that FeSe possesses moderate electron correlation with welldefined electronic bands, while the bands in FeSe 1−x Te x are heavily renormalized for x ≥ 0.5, indicating strong electron correlation in this substitution region [16, 17] . This difference is likely responsible for the discrepancy of carrier doping-induced electronic properties in these two materials. The pristine FeSe has both of electron and hole pockets at the Fermi level with a relatively low T c of 8 K. With heavy electron doping, the Fermi level shifts up drastically and electron pockets expand, the resultant electronic system shows a very high T c more than 40 K. ARPES measurements of FeSe 0.5 Te 0.5 show unambiguous hole pockets around the zone center Γ in k -space, while the electron pocket around the zone corner M is ill-defined. This characteristic explains why the hole-type carriers dominate significantly in Hall measurements at high temperatures. A detailed analysis of the ill-defined electron pockets suggests that the coherent spectral weight gradually increases as temperature is decreasing [28] , which is naturally related to the sign reversal of Hall n H at low temperatures. In FeSe 0.5 Te 0.5 , our data suggests that Li + intercalation is not evident and thus the electron doping is not so strong as the case in FeSe. Therefore, the consequent electronic structures after gating are remarkably different in FeSe and FeSe 0.5 Te 0.5 . This characteristic is consistent with the fact that hole-type carriers still contribute significantly to transport properties as high gate voltage is applied.
In Fig. 3(b) , the high-temperature Hall data in the I region indicates that the electron doping can effectively counteract the hole-type carriers in transport properties. However, the evolution of Hall n H at 16 K suggests that the contribution from electron-type carriers is also suppressed by electron doping. This anomalous trend is inconsistent with a rigid band model, in which electron doping is expected to increase electron-type carriers. We argue that such an anomaly should be associated with some novel change of electron pockets around M, in which a gap or a strong suppression of spectral weight may occur due to the increase of electron doping and results in a reduction of electron-type contribution in Hall n H . With increasing the gate voltage, eventually both of electrontype and hole type carriers are suppressed and the whole system shows an insulating behavior. If we reverse the carrier doping procedure from the insulating phase, the evolution of the electronics states will show that a practical hole doping leads to superconductivity. Such a behavior shares similarity with cuprates, in which the superconductivity is realized by doping holes into a Mott insulator. From this perspective, we argue that there is novel physics of strong electron correlation during the change of electronic properties induced by gating. Further investigations of the transitions between different phases will enrich our understanding of the relationship between the superconductivity and the correlated electron state in the insulating region.
In summary, we have successfully modulated electronic properties of FeSe 0.5 Te 0.5 thin flakes using SIC-FET configuration. Contrary to our previous studies of FeSe thin flakes, XRD patterns indicate that Li + intercalation is not evident in our FeSe 0.5 Te 0.5 FET devices. Our data suggests that, Li + ions likely accumulate with the gate voltage applied at the interface between FeSe 0.5 Te 0.5 and solid ion conductor, which can lead to electrostatic doping and is responsible for the drastic change of electronic properties of FeSe 0.5 Te 0.5 . A systematic variation of transport properties in FeSe 0.5 Te 0.5 reveals a change of electronic states from a superconducting state to an insulating state, which can be related to the strong electron correlation in this material. The substitution of Te for Se significantly changes the characteristics of two-dimensional FeSe layers, and enhances the electronic correlation.
